ABSTRACT. A silk ligature was tied around the aorta at the site of the ligamentum arteriosum in beagle puppies aged 8 wk, and the aortic coarctation was corrected 8 mo later, when the aortic peak-to-peak systolic pressure gradient was 6.0 (SD 0.7) kPa. Similar thoracotomy was performed as a sham operation on the control animals on both occasions. One y after the coarctation repair, there was practically no systolic pressure gradient acros? the aortoplasty site at rest 10.5 (1.0) kPa]. Histologic examination 12 mo after the correction operation showed the medial and intimal layers of the aortic arch in the aortoplasty group (n = 8) were significantly thicker than those in the control group (n = 7) [media 1.86 (0.06) versus 1.78 (0.08) mm and intima 53.2 (13.3) versus 38.3 (10.9) pm, respectively, p < 0.05 for both]. The thicknesses of both intima and media of the left anterior descending and circumflexing coronary arteries and descending aorta distal to the aortoplasty site were similar in both groups. The increased vascular wall thickness may cause reduced compliance of the vascular bed above the coarctation site and hypertension after correction of the coarctation. Our results support the finding that patients with repaired aortic coarctation have an increased risk of permanent vascular changes. (Pediatr Res 31: 297-299,1992) Aortic coarctation causes thickening of the intima and media of the coronary arteries in monkeys, reducing the caliber of these vessels (I). The media in the coronary arteries of coarcted dogs thickens, and the proportions of glycosaminoglycans and nuclei in it increase (2), whereas the mineralization and quantity of smooth muscle cells, elastin, and collagen and the thickening of the aortic wall are seen to increase in patients with aortic coarctation (3-5). The high blood pressure above the coarctation is the most probable pathomechanism for these vascular changes, exerting on the arterial wall a biphasic effect in which the early phase consists of smooth muscle hypertrophy and the later one is characterized by an increase in the amount of fibrous elements (6, 7). The aortic wall smooth muscle hypertrophy occurring in rats after short-term hypertension (3-4 wk) is reversible (8), but longer-term hypertension causes irreversible increases in vascular wall collagen and elastin (6, 9, 10). The more severe coronary artery atherosclerotic disease with plaque formation observed in coarcted monkeys is irreversible (1).
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Morbidity and mortality from atherosclerotic heart disease are high after coarctation repair (1 1, 12), but it is for the most part not known whether this is due to the irreversible hypertensive vascular changes that have taken place before coarctation repair. If the changes in the vascular walls are irreversible, they may cause hypertension and left ventricular hypertrophy after coarctation repair (13, 14) . The present experiment was designed to study the reversibility of vascular changes in the aorta and coronary arteries of coarcted dogs 1 y after coarctation repair.
MATERIALS AND METHODS
Eighteen beagle puppies from four litters were randomly allocated to coarctation (10 puppies) and control groups (eight puppies). At the age of 2 mo, a juxtaductal aortic coarctation was made through the 4th intercostal space from a lateral thoracotomy by tying a silk ligature around the aorta. The ligature was accepted as tight enough when the distal aortic mean blood pressure decreased to 3.3 kPa (15) . Aortic blood pressure started to increase immediately after the constriction, and the mean arterial pressure in the descending aorta was 5.5 (0.9) kPa at the end of the operation, having been 10.8 (1.3 SD) kPa before the operation. A sham operation was performed in the same way, except that no ligature was left around the aorta. The coarctation was repaired by the venous patch aortoplasty method (1 6) at the age of 10 mo, and a similar thoracotomy was used as a sham operation. Three dogs were lost during the follow-up: two coarcted (one heart failure, one ruptured intercostal artery) and one control (cardiac tamponade during catheterization). The final analysis 1 y after the coarctation repair was based on eight aortoplasty and seven control dogs. The dogs were fed normal dog food (Astra Evos Pris; Evos, Sbdertdje, Sweden). The animal experimentation was performed with the highest standards of humane care, and the experimentation program was approved by the Committee on Animal Experimentation in the University of Oulu.
The systolic pressure gradient (peak-to-peak) across the coarctation was 6.0 (0.7) kPa at rest before the aortoplasty (17) , and the resting gradients 1 y after coarctation repair were similar in both groups [0.5 (1 .O) kPa in the aortoplasty group and 0.0 (0.1) kPa in the control group] (18). The aortoplasty reduced aortic systolic blood pressure from 20.4 (2.5) to 16.3 (2.2) kPa. Twelve mo after coarctation repair, a perfusion fixation was performed with a fixative containing 2% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.5) (2). Histologic specimens were taken from two sites in the aorta (between the brachiocephalic and left subclavian artery above the coarctation site and 1.5 cm distal to the aortoplasty) and two sites in the coronary arteries (left anterior descending and circumflexing arteries). The specimens were carefully embedded in paraffin in a perpendicular position. Light microscopic morphometry was performed with an ocular micrometer on 5-pm sections stained with Verhoeff's elastics. The medial and intimal thicknesses of the vessel walls were measured from 10 random light microscopy fields at a magnification of 1 0 0~. A magnification of 4 0~ was used to measure the coronary arterial diameters. Hematoxylin-eosin stained sections were used for qualitative analysis.
Comparisons of group means are based on a two-tailed t test with a p < 0.05 denoting statistical significance. The data are presented as means (SD). * Confidence intervals = 95% confidence intervals for the differences between the aortoplasty and control groups.
RESULTS
which is only partially reversed within 4 wk of removing the
The medial and intimal thicknesses of the proximal aorta 1.5 cm above the aortoplasty site were greater in the aortoplasty group than in the control group [medial 1.86 (0.06) versus 1.76 (0.08) mm, p < 0.05; intimal 53.2 (13.3) versus 38.3 (10.9) pm, p < 0.051. The intimal thickening was diffuse, and no fatty streaks or other clear atherosclerotic lesions were found. Although all the intimal and medial thicknesses of the left anterior descending and circumflexing coronary arteries tended to be greater in the aortoplasty group, there were no statistically significant differences in the findings in light microscopy ( Table 1) . The external and internal diameters of the coronary arteries were at the same level in both groups.
DISCUSSION
Although the coarctation was produced here at the age of 2 mo and repaired 8 mo later, the proximal aortic medial and intimal thicknesses were increased in the aortoplasty group 12 mo after the repair. Similar long-term medial thickening also occurs in hypertensive rats (9, 19) . Medial and intimal thickening of the coronary artery wall are typical lesions in coarcted monkeys, reversing partially after antihypertensive treatment (1) . Fibromusculoelastic intimal thickening may be an initial lesion of atherosclerosis, but fatty streaks (intimal accumulation of lipids associated with an increase in intimal cells) are the first gross evidence of atherosclerosis (20) . The intimal lesions seen in dogs are of a sclerotic nature and consist of diffuse intimal thickenings, raised streaks, and plaque formation (21) . Atherosclerotic lesions are quite difficult to produce in dogs (21, 22) , and this may be the reason why no more severe histologic changes of this kind were found.
The thickening of the vascular wall reduces the compliance of the vascular bed above the coarctation site and increases the systolic blood pressure by increasing the aortic input impedance during the ejection phase. This may cause the exaggerated blood pressure rise during exercise and serve to maintain the left ventricular hypertrophy after coarctation repair (13, 14, 23, 24) .
In an earlier experiment, coarcted dogs had significantly thickened media of the coronary arteries 7 mo after induction of coarctation by the same method (2) . In the present series, the intimal and medial thicknesses of the coronary artery wall tended to be greater in the aortoplasty group, but the difference did not reach statistical significance. The reversibility of the hypertensive changes in the coronary vessels may be better than in the aorta. Short-term renal hypertension (8 wk) in rats causes medialintimal hypertrophy in the thoracic and abdominal aorta (lo), renal artery clip.
In this animal model, adequate coarctation repair at the age of 10 mo was too late to prevent the observed vascular changes resulting from high blood pressure before the aortoplasty. It is these changes that may explain the complications observed after coarctation repair in man (13, 14) . The changes probably diminish with earlier repair (19) or antihypertensive drug therapy (25), but aortic coarctation may cause vascular changes even during the perinatal period.
